Iodine is a critical element involved in thyroid hormone synthesis. Its efflux into the follicular lumen is thought to occur, in part, through pendrin at the apical membrane of thyrocytes. This study attempted to investigate whether iodide administration affects SLC26A4 mRNA expression in rat thyroid and in PCCl3 cells. Rats and cells were treated or not with NaI from 30 min up to 48 h. One group was concomitantly treated with sodium perchlorate. SLC26A4 mRNA expression was also investigated in PCCl3 cells treated with actinomycin D prior to NaI treatment. Iodide administration significantly increased SLC26A4 mRNA content in both models. The simultaneous administration of NaI and perchlorate, as well as the treatment of PCCl3 cells with actinomycin D prevented this effect, indicating that intracellular iodide is essential for this event, which appears to be triggered by transcriptional mechanisms. These data show that intracellular iodide rapidly upregulates SLC26A4 mRNA expression.
Introduction
Iodine is a critical element involved in thyroid hormone synthesis and secretion, as well as in the autoregulation of thyroid gland function. Dietary iodine is reduced to iodide in the gastrointestinal tract, being rapidly absorbed into the blood stream (Braverman and Ingbar, 1963; Carrasco, 1993; Kopp et al., 2008) .
Iodide uptake into thyrocytes is mediated by the sodium/iodide symporter (NIS), and its efflux into the follicular lumen is still a matter of controversy. Some reports point that this occurs mainly through pendrin -a chloride/iodide exchanger, encoded by the SLC26A4 gene, present at the apical membrane of thyrocytes (Dossena et al., 2006; Gillam et al., 2004; Yoshida et al., 2002) . Other reports, based on studies in knockout mice for SLC26A4, or patients with particular SLC26A4 mutations (Pendred syndrome) that did not present goiter or any thyroid abnormalities (Calebiro et al., 2010; Everett et al., 2001; Iwata et al., 2011; Taylor et al., 2002) , suggest the involvement of another or an additional anion channel (Golstein et al., 1992; Rousset, 2006; Van Den Hove et al., 2006; Wolff, 2005) . Although there is no consensus about the importance of pendrin in thyroid hormone biosynthesis, pendrin has become the most studied protein on iodide efflux mechanisms.
Little is known about the mechanisms that regulate SLC26A4 gene expression in the thyroid. It has been reported that thyroglobulin (TG) increases its expression by a mechanism that does not involve the cAMP signaling cascade (Noguchi et al., 2010; Royaux et al., 2000) . Moreover, pendrin expression was shown to be enhanced when both TG and TSH were added to cultures of FRTL-5 cells, suggesting that TSH and TG could act synergistically on SLC26A4 mRNA expression induction (Suzuki and Kohn, 2006) . It is worth to emphasize that TSH was also shown to increase SLC26A4 mRNA expression in FRTL-5 and PCCl3 cells (Dentice et al., 2005; Muscella et al., 2008) . Iodide is also supposed to regulate SLC26A4 expression, since FRTL-5 cells cultured with iodide in high concentration (5 mM) and for periods that varied from 6 to 12 h presented increasing SLC26A4 expression (Suzuki and Kohn, 2006) .
Although iodine is a key element for thyroid hormone synthesis, its excess causes a blockade of the thyroid function, an event known as the Wolff-Chaikoff effect (Eng et al., 1999; Morton et al., 1944; Wolff and Chaikoff, 1948) . This effect is transitory, and even though the mechanisms that underlie its escape are still not completely understood, it has been related to the inhibition of NIS expression and activity (Eng et al., 1999) . Studies carried out in our laboratory corroborate these data and, additionally, show that acute (30 min) iodide administration reduced NIS mRNA expression and poly(A) tail length (Serrano-Nascimento et al., 2010) , which may account for the reduction in NIS content observed in other protocols. This would decrease the intracellular iodide concentration, a condition in which thyroid function could be restored (Braverman and Ingbar, 1963; Eng et al., 1999; Wolff et al., 1949) .
However, the increased efflux of iodide from the thyroid cell to the follicular lumen could also reduce intracellular iodide concentration, contributing to the escape from the Wolff-Chaikoff effect. Considering that the role of pendrin in the iodide efflux into the follicular lumen is still a matter of controversy, and that many trace elements were shown to regulate the expression of the genes that encode their transporters, this study attempted to investigate whether intracellular iodide could regulate SLC26A4 mRNA levels, as reported for NIS mRNA (Eng et al., 1999; Leoni et al., 2008; Serrano-Nascimento et al., 2010; Serrano-Nascimento et al., 2011) by evaluating the effects of acute iodide administration on SLC26A4 mRNA expression.
Material and methods

Animals and treatments
Male Wistar rats weighing 200-250 g were obtained from our own breeding colony and maintained on rat chow and tap water ad libitum. They were housed at constant temperature (23 ± 1°C) and on a 12 h light/12 h dark schedule. The animals were treated or not with methylmercaptoimidazole (MMI) 0.03% (Sigma Chemical Co., St. Louis, MO) in drinking water, during 4 days.
MMI is known to inhibit thyroperoxidase (TPO) activity, and as a consequence, the production of iodolipids, which are supposed to mediate the inhibitory effect of iodide excess on thyroid gland activity (Cardoso et al., 2002; Denef et al., 1996; Morand et al., 2003) . Thus, its use intended to highlight the effects of iodide itself on the regulation of SLC26A4 mRNA content.
Rats treated with MMI were divided into 2 groups: One received a single ip injection of iodide (2 mg NaI in 0.5 ml NaCl 0.9%), same dose used to demonstrate the escape from the acute Wolff-Chaikoff effect (Eng et al., 1999; Serrano-Nascimento et al., 2010) , and the other received vehicle alone. They were killed by decapitation 30 min (I 30 min), 1 h (I 1 h) or 24 h (I 24 h) thereafter. Blood was collected after decapitation in order to determine serum triiodothyronine (T3), thyroxine (T4) and TSH concentrations by LINCOplex™ assay (Elshal and Mccoy, 2006) . Rats not treated with MMI were subjected to a similar schedule of iodide/vehicle treatment, except that they were sacrificed 30 min, 24 h and 48 h thereafter.
A subsequent study was carried out, in rats treated or not with MMI, subjected to a single ip injection of NaI concomitantly with sodium perchlorate (2 mg of NaI and NaClO 4 in 0.5 ml NaCl 0.9%), and sacrificed 30 min afterward (I + P) (Serrano-Nascimento et al., 2010) .
Thyroid glands were rapidly excised for total RNA extraction, in order to investigate the abundance of SLC26A4 mRNA, as described below.
The experimental protocol was in accordance with the ethical principles in animal research adopted by the Brazilian College of Animal Experimentation and was approved by the Institute of Biomedical Sciences/University of São Paulo-Ethical Committee for Animal Research (#75/2005).
Cell culture and treatments
Rat PCCl3 thyroid cells were kindly provided by Dr. Edna Teruko Kimura (University of São Paulo, SP, Brazil). They were cultured in Ham's F12 medium supplemented with 5% fetal bovine serum and four hormones: 1 mU/ml bovine TSH, 10 lg/ml insulin, 5 lg/ml transferrin, and 10 nM hydrocortisone (all hormones: Sigma, St. Louis, MO, USA). Cells were maintained at 37°C and 5% CO 2 atmosphere. Culture medium was changed every second day.
When the cells reached 70% confluence, the medium was replaced by fresh medium supplemented or not with 10 À3 M NaI (Eng et al., 1999; Leoni et al., 2008) . The cells were maintained on this experimental condition for 30 min, 1 h, 24 h and 48 h. A subsequent study was carried out in PCCl3 cells concomitantly treated with 10 À3 M sodium iodide and 10 À3 M sodium perchlorate (NaClO 4 ).
Finally, the effect of NaI (10 À3 M) on the regulation of SLC26A4 mRNA content was investigated in PCCl3 cells previously treated with actinomycin D (4 lM) for 1 h, as described previously (Hyun-Jin and Hyun-Ju, 2009; Serrano-Nascimento et al., 2011; Song et al., 2011) . The cells were kept under NaI treatment for 30 min or 6 h.
After the respective treatments, cells were harvested for total RNA extraction, in order to investigate the differential expression of SLC26A4 mRNA, as described below.
Evaluation of SLC26A4 mRNA abundance
Total RNA extraction was performed by means of the acid guanidinium thiocyanate-phenol-chloroform method (Chomczynski and Sacchi, 1987; Maniats et al., 1989) .
The abundance of SLC26A4 transcript was evaluated by RealTime PCR, as described previously (Livak and Schmittgen, 2001) , and each reaction was normalized versus b-actin reference gene expression. Briefly, three micrograms of total RNA were reversed transcribed and 1 ll of the product reaction was diluted in a Real-Time PCR buffer. The reaction conditions consisted of two steps at 50°C for 2 min and 95°C for 5 min, followed by 40 cycles of three steps: 20 s at 95°C (denaturation), 60 s at 60°C (annealing); and 20 s at 72°C (extension). The threshold cycle (CT) was measured in duplicate for each sample. The relative abundance of SLC26A4 and b-actin mRNAs was calculated using the 2 ÀDDCt method (Livak and Schmittgen, 2001 ). The results were expressed as means ± SEM of SLC26A4 mRNA/ b-actin mRNA ratio.
Cell-counting assay
Cells were seeded into six-well plates at a density of 5 Â 10 4 cells/well. When cells reached 70% confluence the medium was replaced by fresh medium containing or not 10 À3 M NaI. Thirty minutes or 24 h after treatment, cells were counted in a hemocytometer and the average cell number from quadruplicate measurements was determined (Leoni et al., 2008) .
Cell viability assay
PCCl3 cells (1 Â 10 6 cell/mL) were re-suspended in 500 lL PBS plus 50 lL propidium iodide solution (20 lg/mL). Propidium iodide is a water-soluble fluorescent compound that cannot pass through intact membranes, and is normally absent from viable cells. The percentage of viable cells in each sample was determined using a FACSCalibur Flow Cytometer (Becton-Dickinson, San Juan, CA, USA). Prior to use, the cytometer was calibrated and tested for quality control.
Fluorescence was measured using the FL2 channel (Orange-red fluorescence-585/42 nm). Ten thousand events were analyzed per experiment. The results were evaluated using the Cell Quest software (Becton-Dickinson, San Juan, CA, USA).
DNA fragmentation was also analyzed using the Flow cytometry after DNA staining with propidium iodide, according to the method described by Nicoletti et al. (1991) . Briefly, PCCl3 cells were treated with a lysis buffer intended to disrupt the plasma membrane to allow propidium iodide to bind to intact DNA. Fluorescence was measured and analyzed as described above.
Statistical analysis
All data were reported as means ± SEM; the significance level was set at 5% (P < 0.05). The data were subjected to unpaired twotailed Student's t-test or one-way analysis of variance (ANOVA) followed by Student-Newman-Keuls post-test (GraphPad Prism Software -Version: 5.0 -San Diego, California), when appropriate.
Results
Effects of acute iodide and/or MMI treatment on the activity of the pituitary-thyroid axis in rats
These data are presented in Table 1 , which shows that iodide administration does not modify total serum T3, T4 and TSH concentration, after 30 min of exposure, in rats treated or not with MMI for 4 days. Furthermore, it demonstrates that MMI treatment led to a decrease in total serum T3 and T4, as well as an increase in TSH concentration, confirming the effectiveness of the treatment.
Effect of NaI treatment on PCCl3 cell number and viability
The number of viable cells was not altered 30 min or 24 h after iodide treatment, as illustrated in Fig. 1 . The analysis of membrane integrity ( Fig. 2A ) and DNA fragmentation (Fig. 2B ) of PCCl3 cells showed that iodide treatment did not alter these parameters.
3.3. Effect of NaI administration on SLC26A4 mRNA expression Fig. 3 shows that SLC26A4 mRNA content of MMI-treated rats significantly increased after NaI administration (from 30 min to 24 h), when compared to the control group. Increased SLC26A4 mRNA content was also observed in rats subjected to NaI treatment without MMI, for 30 min, as well as 24 and 48 h, as shown in Fig 4. Similar results were obtained in PCCl3 cells, in which iodide excess (from 30 min up to 48 h) significantly increased SLC26A4 mRNA content (vs control group), as illustrated in Fig. 5. 3.4. Effect of NaI plus NaClO 4 administration for 30 min on SLC26A4 mRNA expression
The enhancement of SLC26A4 mRNA expression, observed when rats were treated with NaI, was prevented by concomitant administration of perchlorate and iodide (I + P). This effect was observed in rats previously treated or not with MMI as shown in Figs. 6A and B, respectively.
The concomitant treatment of rats and cells with sodium perchlorate and sodium iodide also prevented the rise in SLC26A4 mRNA content, as observed in PCCl3 cells treated only with NaI (Fig. 7) . Fig. 8 shows that the increase in SLC26A4 mRNA content observed in PCCl3 cells treated for 30 min (Fig. 8A ) and 6 h ( Fig. 8B) with NaI was abolished by previous exposure of cells to actinomycin D.
Effect of actinomycin D on the regulation of SLC26A4 expression by iodide
Discussion
The thyroid gland exhibits the capacity of autoregulation (Wollf-Chaikoff effect), when acutely exposed to high amounts of iodide. Most of the studies that explore this autoregulation mechanism have focused on the effect of iodide excess on NIS; however, little is known about the effect of iodide excess on SLC26A4 expression. In the present study we investigated whether iodide acutely regulates SLC26A4 mRNA expression, by treating rats and PCCl3 cells with a high dose of iodide.
At first, we investigated if acute iodide treatment could interfere with the pituitary-thyroid axis activity in rats (treated or not with MMI), or with the viability of PCCl3 cells, by evaluating total serum T3, T4 and TSH levels, as well as DNA fragmentation and the integrity of the plasma membrane, respectively. It was shown that iodide treatment in excess did not affect the pituitary-thyroid axis in rats (treated or not with MMI). PCCl3 cell number was also unaffected by this treatment, which confirms the cellular viability studies. These findings showed that both in vivo and in vitro models were unaffected by iodide excess. Moreover, the increased serum TSH levels in MMI-treated rats indicated that treatment was effective (Table 1) , as previously described (Männistö et al., 1979; Pisarev et al., 1981; Serrano-Nascimento et al., 2010) . The next step was to evaluate the effect of iodide excess on SLC26A4 mRNA expression. It was shown that acute iodide treatment increased SLC26A4 mRNA content, in both in vitro and in vivo models, as early as 30 min after its administration, an effect that persisted for the 48 h duration of the study.
Our data showed increased SLC26A4 mRNA levels in response to iodide excess in PCCl3 cells, which differs from those results obtained by Suzuki and Kohn (2006) in FRTL-5 cells, in which an increase in SLC26A4 mRNA expression only occurred when fivefold higher doses of iodide were added in the culture medium for 6-12 h. Although PCCl3 and FRTL-5 cell lines are both derived from rat thyroid, studies have shown that they present different characteristics. Firstly, PCCl3 cells are responsive to TSH, which makes them more closely related to the in vivo mechanisms (Fusco et al., 1987; Kimura et al., 1999) , and might explain why they respond to iodide in 30 min, a finding that was also observed in our in vivo study.
Moreover, PCCl3 cells were shown to be more stable than FRTL-5 cells, since changes in FRTL-5 cell morphology, like rounding-up of the cells and loss of cell contact, have been reported as a consequence of increased passage (Kimura et al., 1999) . In addition, PCCl3 cells were shown to retain differentiated properties in a TSH-dependent manner, perhaps enabling them to respond to iodide for longer periods of time (24-48 h). Another evidence that supports the differences between both cells comes from studies showing that PI3K inhibition by LY294002 significantly increased Pax8 mRNA expression in PCCl3 cells, but did not induce Pax8 mRNA in FRTL-5 cells (Kogai et al., 2008) , a further indication of PCCl-3 cells similarity with the in vivo model. The concomitant treatment of rats and PCCl3 cells, for 30 min, with iodide and perchlorate, blocked iodide uptake by thyroid cells, which demonstrates that intracellular iodide content is essential to induce the rise in SLC26A4 mRNA content. The stabilization of high SLC26A4 mRNA levels in thyroids of MMI-treated Fig. 3 . SLC26A4 mRNA content is increased by iodide excess in rats previously treated with MMI. Real-Time PCR analysis of SLC26A4 mRNA content was performed in thyroid of rats treated with NaI for 30 min (I 30 min), 1 h (I 1 h), 24 h (I 24 h) or vehicle (C). SLC26A4 mRNA content levels were normalized to bactin mRNA content. The quantitative representation is shown in arbitrary units (AU). Results are expressed as mean ± SEM of at least three independent experiments. At least three animals per group were used in each experiment.
⁄ P < 0.05, ⁄⁄ P < 0.01 vs. C (one-way analysis of variance with Student-Newman-Keuls as post hoc test). Fig. 4 . SLC26A4 mRNA content is increased by iodide excess in rats without MMI treatment. Real-Time PCR analysis of SLC26A4 mRNA content was performed in thyroid of rats treated with NaI for 30 min (I 30 min), 24 h (I 24 h), 48 h (I 48 h) or vehicle (C). SLC26A4 mRNA content levels were normalized to b-actin mRNA content. The quantitative representation is shown in arbitrary units (AU). Results are expressed as mean ± SEM of at least three independent experiments. At least three animals per group were used in each experiment.
⁄ P < 0.05, ⁄⁄ P < 0.01, ⁄⁄⁄ P < 0.001 vs. C (one-way analysis of variance with Student-Newman-Keuls as post hoc test). Real-Time PCR analysis of SLC26A4 mRNA content was performed in thyroid of rats treated with vehicle (C), NaI for 30 min (I 30 min), and I + P groups. SLC26A4 mRNA content was normalized to b-actin mRNA content. The quantitative representation is shown in arbitrary units (AU). Results are expressed as mean ± SEM of at least three independent experiments. At least three animals per group were used in each experiment.
⁄ P < 0.05 vs C and I + P; ⁄⁄ P < 0.01 vs C and I + P (one-way analysis of variance with Student-Newman-Keuls as post hoc test). rats strengthens our hypothesis that iodide per se is the key element that elicits the effect reported, since TPO activity is supposed to be inhibited by MMI treatment, suggesting that the production of iodolipids is blocked and, hence, that they do not contribute to the observed effects as has been postulated by others. (Cardoso et al., 2002; Denef et al., 1996; Morand et al., 2003) . It is worth mentioning that a role of iodide per se was also detected in similar studies carried out in our laboratory, in which NIS mRNA content was decreased after NaI exposure (Serrano-Nascimento et al., 2010; Serrano-Nascimento et al., 2011) .
Moreover, the increase in SLC26A4 mRNA content in response to iodide excess was more pronounced in MMI-treated rats, as expected, due to the fact that previous treatment with MMI for 4 days led the animals to present high serum TSH (Männistö et al., 1979; Serrano-Nascimento et al., 2010; Pisarev et al., 1981) , which induces SLC26A4 gene expression (Dentice et al., 2005; Muscella et al., 2008; Noguchi et al., 2010) .
We have also observed that the timing of iodide regulation of SLC26A4 mRNA content is different in the two models. Although there is no experimental evidence for this effect, we cannot exclude the possibility of unique molecular characteristics in the in vitro and in vivo systems. In the former model, iodide is directly added to the culture medium, whereas in the in vivo study iodide was injected i.p.; therefore, iodide influx to thyrocytes in the latter is expected to be lower than in cells in culture, which makes the increase in SLC26A4 mRNA expression less apparent in 30 min. Moreover, in the cell model, which has no follicular structure, iodide is added to the culture medium and is rapidly transported to the intracellular medium of cells. These events could explain the rapid and higher effect of iodide increasing SLC26A4 mRNA expression, in the short periods of time. However, this trace element would not remain for a long period of time inside thyrocytes, since iodide decreases its own transport by NIS, and increases its efflux by stimulating the expression of pendrin, as proposed by this study. This would lead to a reduction of iodide inside thyrocytes, which could explain the decreased SLC26A4 mRNA expression observed thereafter.
Taking into account that the effect of iodide was detected as soon as 30 min, we initially proposed that iodide could regulate SLC26A4 mRNA content at a posttranscriptional level, as demonstrated for NIS mRNA (Serrano-Nascimento et al., 2010; Serrano-Nascimento et al., 2011). However, the co-treatment with the transcriptional inhibitor actinomycin D abolished the increase in SLC26A4 mRNA induced by NaI treatment for 30 min, as well as for 6 h, demonstrating that the increase in SLC26A4 mRNA content in response to iodide was transcriptionally driven. This data supports a role of iodide in the activation of SLC26A4 gene transcription, by a mechanism that could involve direct regulatory domains in the promoter region of SLC26A4 gene sensitive to intracellular iodide. Nevertheless, further studies are needed to fully elucidate the mechanisms responsible for this effect.
Conclusion
In brief, the present data show, for the first time, that iodide in excess is capable to rapidly upregulate SLC26A4 gene expression, by means of a transcriptional mechanism, which might increase the efflux of iodide from thyrocytes, and help to prevent the harmful effects on thyroid that could be triggered by iodide. Therefore, Fig. 7 . Perchlorate plus iodide (I + P) treatment prevented the effects of iodide on PCCl3 cells SLC26A4 mRNA content. Real-Time PCR analysis of SLC26A4 mRNA content was performed in cells treated with NaI for 30 min (I 30 min), control cells (C), and I + P groups. SLC26A4 mRNA content was normalized to b-actin mRNA content. The quantitative representation is shown in arbitrary units (AU). Results are expressed as mean ± SEM of at least three independent experiments. ⁄⁄⁄⁄ P < 0.0001 vs C and I + P (one-way analysis of variance with Student-Newman-Keuls as post hoc test). ⁄⁄ P < 0.01 vs C30 min, ⁄⁄ P < 0.01 vs C 6 h (one-way analysis of variance with Student-NewmanKeuls as post hoc test). the excess of iodide seems to trigger two different intrathyroidal mechanisms: the well-known inhibitory effect on NIS and the increase in SLC26A4 gene expression; both may contribute to protect the gland from the deleterious effects of high doses of iodide (Burman and Wartofsky, 2000; Dohan et al., 2003) , as well as to the Wolff-Chaikoff escape phenomenon. We cannot discard the possibility that other iodide channels involved in the apical efflux of iodide may also participate in this event.
